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The inﬂuence of two oxygen tensions (5 and 20%) on fertilization, cleavage, development,
and morphological quality of canine embryos produced in vitro was investigated. To assess
embryo production, canine oocytes (N ¼ 608) were matured in vitro at 20% oxygen tension
in TCM 199 supplemented with glucose (11 mM) and 0.1% polyvinyl alcohol. Oocytes and
sperm were coincubated at 37 C for 24 hours in serum-free medium. Subsequently,
presumptive zygotes were cultured in vitro in synthetic oviductal ﬂuid in either 5% CO2 in
air (20% oxygen; N ¼ 298) or 5% O2, 5% CO2 and 90% N2 (5% oxygen; N ¼ 310) for 7 days.
Regardless of the oxygen concentration (5 vs. 20%), rates of pronucleus formation,
cleavage, and embryo development up to the eight-cell stage did not differ (46/310 [14.8%]
vs. 35/298 [11.7%], respectively; P > 0.05). Moreover, similar proportions of embryos
developed in 20 and 5% oxygen tensions (18/298 vs. 27/310). The oocyte nuclear matu-
ration (metaphase II), in terms of decondensed sperm heads, pronucleus formation,
cleavage, and embryo development, was similar (P ¼ 0.299) between the atmospheric (20%
O2; 12.4% [37/298]) and reduced oxygen tensions (5% O2; 15.8% [49/310]) at all steps of the
in vitro culture (IVC) after in vitro fertilization (IVF). To our knowledge, this was the ﬁrst
study that demonstrated that canine embryos can be produced using a low-oxygen in vitro
culture system. Both oxygen tensions (5 and 20%) resulted in similar embryonic devel-
opment and therefore were feasible for IVC of canine oocytes.
 2013 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Progress in canine in vitro embryo culture has been slow,
mostly because of the incomplete understanding of the
complex physicochemical, biological, and molecular
processes involved in embryo development [1]. Although
mammalian embryos can be cultured successfully using
either high (20%) [2,3] or reduced (5%) [4,5] oxygen (O2)
concentrations, it is important for the in vitro embryo
system to accurately reﬂect the physiological environment
[1]. The potentially damaging effects that accrue in
mammalian embryos cultured in vitro at atmospheric O2
concentrations have been reported in studies with multiplex: þ55 51 3308 7305.
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lsevier OA license. species, including humans, rats, and swine [6–8]. This
damage was attributed to generation of reactive oxygen
species (ROS), which are typically produced in mito-
chondria as electrons leak from the electron transport
chain and react with oxygen to form superoxide. Intracel-
lular increases in ROS cause lipid peroxidation of cellular
membranes, thereby decreasing expression of genes
involved in embryo metabolism and inﬂicting deleterious
effects on blastocysts grown in these conditions [9].
Protecting embryos from oxidative stress is of the greatest
importance. Therefore, culture conditions should be
carefully designed to permit and sustain embryonic
development [1].
Despite the efforts of researchers, canine zygotes do not
progress in vitro to the advanced stage of blastocyst; an
exception was reported that described development of one
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most in vitro studies, canine embryos developed up to the
eight-cell stage in a high-oxygen culture environment
(5% CO2 in air [20% O2]) [2,10,11]. However, because
embryos of various mammalian species are not exposed to
O2 concentrations in excess of 8% in vivo [12], the detri-
mental effects of oxidative stress can be effectively reduced
with low oxygen tension during embryo culture [13].
The optimal in vitro atmospheric condition for the
production of canine embryos has not yet been determined.
The objective of this study was to compare the effects of
two oxygen tensions (5 and 20%) on fertilization, cleavage,
development, and morphological quality of canine em-
bryos produced in vitro from oocytes matured in vitro. To
our knowledge this was the ﬁrst study describing produc-
tion of canine embryos in a low-oxygen (5% O2, 5% CO2, and
90% N2 [5% oxygen]) in vitro culture system.
2. Materials and methods
2.1. Chemicals
All chemicals used in this experiment were purchased
from Sigma Aldrich (St. Louis, MO, USA), unless otherwise
speciﬁed.2.2. Recovery of oocytes and in vitro maturation
Ovaries from 35 bitches were obtained (ovariohyster-
ectomy) from local shelters and/or rescue organizations.
The sample collection was blinded to the reproductive
stages and ages of the bitches. Each pair of ovaries was
transported to the laboratory in sterilized capped ﬂasks
with physiological saline (0.9% [wt/vol] NaCl) at ambient
temperature. The ovary-containing capped ﬂasks were
transported in a Styrofoam box, and ovaries were pro-
cessed within 3 hours after collection. The ovarian cortex
was sliced and washed in warm PBS (37 C) supplemented
with 1% (vol/vol) fetal calf serum (Nutricell, São Paulo, São
Paulo, Brazil) to release cumulus-oocyte complexes (COCs).
Only grade 1 COCs (darkly pigmented and completely
surrounded by one or more layers of cumulus cells) and
grade 2 COCs (lightly pigmented with incomplete layers of
cumulus cells) [14] were used for a total of 608 oocytes.
Oocytes were rinsed in TCM 199 (11150059; Gibco, Invi-
trogen Corporation, Carlsbad, CA, USA) buffered with
25 mM HEPES then transferred to high-glucose (11 mM)
TCM 199 for maturation. The maturation medium was
supplemented with 2.2 mg/mL sodium bicarbonate
(Gibco), 0.1% polyvinyl alcohol, 0.991 mg/mL glucose
(108337; Merck, Darmstadt, Germany), 50 mg/mL gentami-
cin, 22 mg/mL pyruvic acid, 20 mg/mL estradiol, 0.5 mg/mL
follicle-stimulating hormone (Folltropin-V; Vetepharm
Inc., Beleville, Ontario, Canada), and 0.03 IU/mL human
gonadotropin (Chorulon; Intervet, Milton Keynes, UK).
Oocytes were matured at 37 C in 5% CO2 in air (20%
oxygen tension) for a minimum of 52 hours. This study
followed the guidelines for ethical conduct in care and use
of animals instituted by Colégio Brasileiro de Exper-
imentação Animal.2.3. Sperm preparation and in vitro fertilization
After maturation, oocytes were fertilized in vitro with
fresh canine sperm that had been isolated on a Percoll
gradient. In brief, aliquots of fresh, diluted sperm (1 mL) in
Egg Yolk TRIS extender [15] were pipetted into a 15-mL
conical tube (Falcon # 2095) on a two-layer discontinuous
gradient formed by layering 1 mL of the 45% Percoll solu-
tion on top of 1 mL of 90% Percoll. The layered solution was
centrifuged at 500 g for 20 minutes at room temperature.
The supernatant was removed, and the sperm pellet was
washed with 2 to 5 mL of low-bicarbonate Tyrode’s
albumin lactate pyruvate (TALP) [16] by centrifugation at
500 g for 10 minutes. The pellet was recovered after
aspiration of the supernatant, and sperm were resus-
pended in Fert-TALP medium supplemented with 0.56 mg/
mL heparin to induce capacitation. Up to 15 oocytes were
placed in a 100-mL droplet of fertilization medium and 2 to
8 mL of the ﬁnal sperm suspension was added to each
droplet to give a ﬁnal concentration of 2106motile sperm
per mL. The Fert-TALP medium (100 mL) consisted of NaCl
(0.6658 g), KCL (0.0239 g), NaHCO3 (0.2100 g), NaH2PO4H2O
(0.0041 g), CaCl2 2H2O (0.0294 g), MgCl2 (0.0074 g), peni-
cillamine (0.0003 g), phenol red (0.0010 g), and sodium
lactate (0.1860 g) [17]. Fertilization was conducted at 37 C
for 24 hours in mineral oil in a 100% humidiﬁed atmo-
sphere containing 5% CO2 in air.
2.4. In vitro culture
After 24 hours of IVF, oocytes were cultured for up to
7 days at 37 C in mineral oil in 70 mL of synthetic oviduct
ﬂuid (SOF) medium in either 5% CO2 in air (20% oxygen)
(N ¼ 298) or 5% O2, 5% CO2 and 90% N2 (5% oxygen)
(N ¼ 310). The SOF medium contained bovine serum
albumin (4 mg/mL), Na pyruvate (0.3 mM), glutamine
(146.14 mM), gentamicin (5.0 mg/100 mL), Basal Medium
Eagle amino acids (2 mL/100 mL) and Minimum Essential
Medium amino acids (1 mL/100 mL). The oocytes cultured
in SOF at 5% oxygen tension were placed in sealed mini-
plastic incubators containing 5% O2, 5% CO2, and 90% N2
(5% oxygen). At the end of the embryo culture, zygoteswere
completely dislodged from cumulus cells by pipetting. To
assess the effect of the IVC oxygen concentration on
fertilization and embryo cleavage, zygotes were per-
meabilized in Triton X, ﬁxed in a 3.7% paraformaldehyde
solution, and stained with Hoechst 33342 (10 mg/mL). The
zygotes were then mounted on slides with coverslips and
examined using phase contrast microscopy [2].
Fertilization was deﬁned by the formation of one
pronucleus or two pronuclei embryos. The embryos con-
taining a single pronucleuswere considered fertilizedwhen
decondensed sperm heads were visualized in the oocyte
cytoplasm. Cleavage was characterized as two pronuclei
embryos that had divided into two ormore cells 7 days after
IVF. Zygote scoring was based on the subjective evaluation
of embryo morphology according to microscopic appear-
ance and cell count. A normal pattern of cleavage was
characterized by evenly cleaved blastomeres (a single
nucleus per cell), and abnormal (fragmented) embryoswere
characterized by vacuolization and multiple nucleation.
Table 2
Numbers of oocytes retrieved and subsequently fertilized and cleaved.
Oocyte donor Oocytes, N Oocytes fertilized and cleaved, N
1 17 4
2 13 7
3 24 5
4 16 5
5 7 3
6 14 6
7 19 2
8 29 0
9 10 0
10 6 0
11 33 1
12 14 1
13 34 9
14 5 0
15 2 0
16 7 4
17 5 3
18 23 1
19 4 1
20 18 1
21 43 2
22 2 1
23 4 0
24 31 0
25 15 0
26 6 6
27 4 0
28 7 1
29 32 3
30 22 1
31 46 4
32 26 5
33 24 0
34 33 6
35 20 2
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The experiment was repeated 12 times. Fisher’s exact
test was used to compare the two oxygen treatments.
Differences with P values <0.05 were considered
signiﬁcant.
3. Results
3.1. Fertilization and cleavage
The ability of the oocytes to be fertilized (pronucleus
formation) by homologous fresh sperm was measured,
yielding an overall fertilization rate of 5.9% (36/608). There
were no signiﬁcant differences between the oocyte in vitro
fertilization rates after culture in 5 and 20% oxygen
tensions. Embryo cultures at O2 concentrations of 5 and
20% resulted in similar rates of ﬁrst embryo cleavage.
Moreover, there were no differences between the two
oxygen tensions at further stages of development
(P > 0.05). The rate of fertilized and cleaved embryos was
13.3% (81/608; Table 1).
A normal pattern of cleavage (evenly cleaved blasto-
meres and a single nucleus per cell) was obtained in 7.7%
(24/310) of embryos cultured at an oxygen tension of 5%,
whereas 5.4% (16/298) were morphologically normal at an
oxygen tension of 20%. Similar numbers of fragmented
embryos (vacuolization and multiple nucleation) were
observed at 5 and 20% oxygen tensions (3/310 [1.0%] vs.
2/298 [0.7%], respectively). The results inmetaphase II (MII)
with decondensed sperm heads, pronucleus formation, and
cleavage in a normal atmosphere condition (20% O2) during
all steps of the in vitro culture were similar to the reduced
oxygen tension (5% O2) after IVF (P¼ 0.299). Moreover, MII-
arrested oocytes were observed at rates of 3/310 (1.0%) and
2/298 (0.7%) at oxygen tensions of 5
and 20%, respectively (Table 1).
Of the 35 total donor bitches used in this study, oocytes
(N ¼ 142) from 10 animals did not fertilize or cleave
(Table 2). All nonresponders were included in replications
in which at least one female responded successfully to
cleavage. Of the remaining 25 bitches (466 oocytes;
76.6%), the fertilization and cleavage rate was 18.0% (84/
466). One oocyte donor (No. 26) had a 100% cleavage
response to IVF and IVC. Additionally, four oocyte donors
(Nos. 05, 16, 17, and 22) were good responders andTable 1
Effects of two oxygen concentrations on fertilization, cleavage, and canine
embryo development in vitro.
Treatment 5% O2, N ¼ 310 20% O2, N ¼ 298
Pronucleus formation 19 (6.1) 17 (5.7)
Cleavage to two to three cells 14 (4.5) 7 (2.3)
Cleavage to four to six cells 10 (3.2) 6 (2.0)
Cleavage to seven to eight cells 3 (1.0) 5 (1.7)
MII decondensed sperm heads 3 (1.0) 2 (0.7)
GV to MI 28 (9.0) 5 (1.7)
Others 233 (75.2) 256 (85.9)
Data were determined across 12 replicates (N¼ 608) and are presented as
N (%). “Others” describes the number of gametes with imprecise recog-
nition of nuclear material or with absent chromatin.
Abbreviations: GV, germinal vesicle; MI, metaphase I; MII, metaphase II.displayed cleavage percentages between 40 and 60% of the
processed oocytes.4. Discussion
Limited data regarding canine embryonic development
in vitro are available in the literature. Traditionally, canine
oocytes do not proceed beyond the eight-cell stage after
maturation, fertilization, and culture in vitro in a high-
oxygen culture environment (5% CO2 in air [20% O2])
[2,10,11]. The main issue for embryos cultured in vitro in
atmospheric O2 concentrations is the deleterious effect of
high oxygen concentration on embryo development. The
damage has been attributed to the production of ROS,
which can be generated by embryos and sperm, and by
extrinsic factors such as prolonged culture conditions and
small media droplets in the oil phase [18,19].
In IVC, it is possible to reduce the oxidative damage
caused by ROS by decreasing the oxygen tension to which
embryos are subjected in vitro to the O2 concentrations
present in the oviduct and uterus of mammals (1.5%–9% O2)
[12]. Because the culture of canine embryos has been
previously performed in 20% oxygen tension, this study
was devised to investigate if a reduced oxygen tension in
the culture system could limit oxidative damage and
overcome the developmental block observed in in vitro-
derived canine embryos.
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the present study (5 vs. 20%), there was no signiﬁcant
improvement in embryo development nor was the speciﬁc
eight-cell stage developmental block frequently observed
in the in vitro production of canine embryos overcome. As
reported by Guérin et al. [20], the positive effect of reduced
oxygen in vitrowas not identiﬁable at early cleavage stages,
but rather at further stages of embryo development, and
the need for reduced oxygen was frequently associated
with blastocyst culture [6]. The similarity in the cleavage
rates between embryos produced at 5 and 20% oxygen
tension in our study could have been due to culture
conditions that were unsuitable to support development
beyond early cleavage. Factors such as medium composi-
tion and oxygen tension regulate progression of cleavage-
stage embryos to the morula and blastocyst stages. One of
the mechanisms imposed by suboptimal in vitro conditions
is duration of cell division that occurs at the time of
maternal-to-zygotic transition. This stage might be char-
acterized by a developmental block or a slowing of the
cleavage rate [21].
Additionally, a high percentage of oocytes at the end of
the IVC period were observed either with imprecise
recognition of nuclear material or with absent chromatin.
Recently, it has been reported that the “non-determina-
tion” rate of nuclear material in canine oocytes is particu-
larly high when oocytes are stained with the DNA-speciﬁc
dye Hoechst 33342 [22].
Songsasen et al. [23] reported that the achievement of
nuclear oocyte maturation in dogs was not inﬂuenced by
the oxygen concentration in the medium. However, in
a recent study [24] with canine oocytes, there was higher
meiotic resumption from germinal vesicle breakdown
(GVBD) through MII in low oxygen tension conditions
compared with high oxygen tension conditions after 52
hours of culture, which is the earliest interval at which MII
oocytes can be observed in the oviduct after ovulation
in vivo [25].
In the present study, MII-arrested oocytes were present
in 5 and 20% oxygen tensions. Although it was difﬁcult to
determine the exact cause of this MII arrest, time-
dependent events such as retarded meiotic achievement
(beyond 52 hours) and/or delayed fertilization resulting
from an anticipated or a delayed acrosome reaction could
have resulted in a negative outcome for fertilization and
further embryo development.
It was noteworthy that 5.9% (36/608) of the fertilized
oocytes failed to progress beyond the pronucleus stage.
Certain fertilized oocytes were observed with only one
pronucleus, suggesting that asynchronous development of
the oocyte and the sperm nucleus occurred; this effect
has been associatedwith low intraoocyte glutathione levels
in pigs [26], a condition most likely caused by sub-
optimal in vitro culture conditions. Previous experiments
on canine oocyte metabolism have analyzed the effects of
pyruvate, glutamine, and glucose on successful oocyte
maturation [27–29]. Songsasen et al. [28] demonstrated
that pyruvate and glutamine were not required to promote
the successful IVM of dog oocytes, whereas Wesselowski
[29] established a correlation between glucose metabolism
and canine oocyte maturation. Furthermore, redistributionof mitochondria around the pronuclei of the zygote inﬂu-
enced embryo development [30]. Alteration of metabolism
and/or the structural integrity of the COC caused by IVM
might have inﬂuenced embryo progression and develop-
mental potential in this experiment.
In this study, the maturation medium was supple-
mented with glucose, the predominant energy substrate
used by canine oocytes [27,29]. Although a high glucose
concentration in the mediumwas implicated in generation
of ROS in bovine oocytes [31], the positive interaction
between high glucose levels and low oxygen tension in
cumulus cell cultures of IVM canine oocytes was previously
established [32]. As reported [32], high glucose TCM 199
medium and 5% oxygen tension microenvironment en-
hanced the incidence and pattern of viable cumulus cells
(as deﬁned by cytoplasmic features and nuclear mor-
phology integrity) in in vitro matured canine COCs. The
resultant improvement of cumulus cell integrity was
regarded as a biomarker for the establishment of canine
COC developmental potential.
Although this study was not intended to investigate the
inﬂuence of the reproductive stages and ages of the oocyte
donors on embryo cleavage in vitro, we noticed a marked
heterogeneity in embryo development among donors.
Interestingly, all oocytes from one donor developed into
embryos. Variations in genetic composition, physiological
condition, environmental factors, and age were likely
associated with these results [33]. Nevertheless, successful
embryo development is largely because of the quality of the
originating oocyte [34]. The topographical location of the
oocyte within the follicle is linked to its potential to grow
and to resume meiosis, which is independent of the
reproductive phase of the estrous cycle [35].
4.1. Conclusions
Developmental potential of canine oocytes cultured
in vitrowas similar and feasible at high and reduced oxygen
concentrations. Therefore, we inferred that 5 and 20%
oxygen tensions can be used in in vitro culture systems for
canine oocytes.
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